Background: Microbial keratitis is an infectious disease of the cornea characterised by inflammation and is considered an ophthalmic emergency requiring immediate attention. While a variety of pathogenic microbes associated with microbial keratitis have been identified, a comprehensive review identifying the diversity of species has not been completed.
Microbial keratitis is an infectious disease of the cornea that is characterised by inflammation, often with stromal infiltration by leukocytes, and is considered an ophthalmic emergency requiring immediate attention. Both infectious and immune mechanisms are important in the development of this sight threatening condition [1, 2] . Keratitis can progress rapidly with corneal destruction through pathological wound healingwithin 24-48 hours [3] [4] [5] . A decade-old estimate for keratitis induced corneal ulcers of approximately 2 million per annum in the developed world is likely to be conservative [4] . Permanent visual dysfunction has been reported in a significant number of patients in both developed and developing nations [6] .
Initial management of microbial keratitis is empiric with broad-spectrum topical antimicrobials, as with current microbiological investigations it can take days or even weeks to identify a causative organism. This reliance on antimicrobials has been implicated in the emerging resistance in some countries to some of these commonly *Address correspondence to this author at the Bio/polymer Research Group, School of Biotechnology & Biomolecular Sciences, University of New South Wales, Sydney, NSW 2052, Australia; Tel: +61-2-9385-2054; Fax: +61-2-9313-6710; E-mail: J.Foster@unsw.edu.au used antimicrobial agents [7] . Furthermore, topical therapy has limitations, including their rapid loss caused by drainage and high tear turnover and ocular toxicity [8] . Patients with microbial keratitis continue to lose vision and suffer ocular pain and discomfort. Clearly, improved therapies for microbial keratitis are required, while a more rapid and correct identification of the infectious agent supports a more effective treatment.
A variety of pathogenic microbes have been associated with microbial keratitis [9] , but to date a comprehensive review of the responsible microbes has not been performed. Identification of the responsible organisms, the risk factors associated with, and pathogenesis of microbial keratitis will allow the development of improved therapies. In this paper we identify and report the diversity of microbial species implicated in keratitis, as well their aetiologies and reported treatments.
METHODS
A systematic review of the current literature pertaining to the identity of organisms implicated in microbial keratitis was conducted. PubMed, Scopus and Web of Science searches were performed using the terms 'microbial keratitis', 'keratitis', 'bacterial keratitis', 'fungal keratitis', 'amoebic keratitis' and 'viral keratitis'. Searches were conducted within the year limits for each of the data bases; these were from 1950 for PubMed, 1950 for Scopus and 1950 for Web of Science. Searches were restricted to English Language.
Publications were read and information reporting identification of organisms implicated in microbial keratitis abstracted on the basis of (a) organisms identity, (b) aetiology and (c) treatment. The review objective was restricted to species diversity and did not aim to compile any incidence data.
RESULTS AND DISCUSSION
A range of microorganisms, including fungi, bacteria, protozoa, and viruses, have been identified as infectious agents in microbial keratitis. An exhaustive review of the literature to identify the species diversity revealed 232 different species from 142 genera, representing 80 families, although it is unclear which were opportunistic infections and whether any possess virulence factors that support the initiation of infection. Based on the literature, the greatest diversity of species associated with keratitis is fungal with 144 species from 92 genera. In comparison, 75 species of bacteria from 42 genera, 9 species of protozoa from 4 genera and 4 types of virus have been identified as the infectious agents in microbial keratitis (Fig. 1) . Fig. (1) . Distribution of microorganisms associated with keratitis, at the family, genera and species levels based on the literature, amoebic , bacterial , viral and fungal keratitis .
In total, 49 families were identified in fungal keratitis, with 2 being yeast and 47 filamentous (Table 1 ) while 25 families of bacteria were identified; of which 12 were Gram positive and 13 Gram negative ( Table 2) . In amoebic keratitis, 3 families, predominantly Acanthamoebidae, were identified ( Table 5) ; while in viral keratitis the majority of reports were from the Herpesviridae family (Table 6 ). Risk factors and treatment for each type of keratitis were also identified in the review. The clinical symptoms of keratitis are similar despite the infectious agent and is characterised by local pain, lacrimation, and photophobia, however the clinical appearance of lesions can differ depending upon organism [10] .
Fungal Keratitis
Mycotic keratitis, due to filamentary fungi, is typified by a grey-white infiltrate with irregular feathery margins and raised borders (Fig. 2a) ; along with suppuration, hypopyon, satellite lesions, Descemet's fold, and an immune ring with minimal surrounding infiltrate [11] . Filamentous fungi such as Fusarium spp and Aspergillus spp are common in mycotic keratitis. However, aetiologies exhibited by unicellular fungi, such as yeasts of the Saccharomycetaceae and Tremellaceae families, are often clinically similar to those of bacterial keratitis (Fig. 2b) [12] .
The majority of the identified organisms were 'true fungi' or Mycota; of 48 families identified, only 2 were not of this classification ( Table 3) . Cunninghamellaceae is a slime mold from the phylum Myxomycota and was reported by Wang et al. in 2009 from patients in central China [13] . Pythiaceae from the Straminipila, phylum Oomycota was reported by Sirikul et al. in 2008 from patients in Thailand [14] . From those within Mycota, the majority were of the phylum Ascomycota ( Table 3) .
Geographical location and climate are reported to influence the clinical presentation and outcome of fungal diseases, probably through changes in the causative agent [15] . Fusarium solani ocular infections are reported to have the most severe prognosis; its progression is comparatively rapid with patients demonstrating corneal perforation in only a few weeks [11] . In contrast, dematiaceous fungi such as Curvularia and Lasiodiplodia tend to result in persistent low-grade infection and may present with a slightly pigmented lesion [16, 17] .
A range of treatments have been suggested for use in mycotic keratitis including natamycin [18] [19] [20] , azoles such as fluconazole [21, 22] and voriconazole [23] , and amphotericin B [18, 24] . Kalavathy et al. [25] reported that the use of the antifungal natamycin (5%) topically was the most ideal treatment available against filamentous fungi especially Fusarium spp. However the molecular weight of natamycin is relatively high (665.73 g.mol -1 ) and as a consequence it has low penetration into corneal tissue [26] . This may explain the reduced effectiveness of natamycin in treating deep mycosis as observed by Senupta et al. [27] . Galarreta et al. [21] has reported intensive use of topical econazole (1%) to have efficacy against filamentary fungi such as Fusarium spp. While fluconazole has been used to treat yeast infections with significant results, Galarreta et al. [21] reports poor outcomes in treating filamentary fungi. The use of amphotericin B was prevalent in the past as a treatment for mycotic keratitis, especially caused by yeast; although a very effective treatment there are significant side effects associated with its use [28] . Hence, the use of amphotericin B as an initial treatment has significantly declined, but it may still be implemented as a secondary measure [29] . Recently, the clinical use of voriconazole has increased. It can be administered topically or systemically, and achieves high penetration into the cornea [23] . Clinically, voriconazole has been reported to be an effective treatment for mycotic keratitis [30, 31] .
Although topical treatments with antifungal agents are moderately effective against either yeasts or filamentous fungi, they are by no means the optimal therapy due to their reduced corneal perforation. Systemic antifungals are typically given, along with topical therapy, particularly for deep infections and those close to the vascularised corneal limbus. If medical therapy fails then surgical invention is required. Xie et al. [32] reported that surgery was performed in 92.4% of patients with fungal keratitis, with only 7.6% controlled by topical mediations. Furthermore Saha et al. [33] reported that 59.4% of the patients required surgery, due to ineffective medical therapy.
Bacterial Keratitis
Bacterial keratitis commonly presents with an overlying epithelial defect and relatively less distinct cellular infiltrate and suppuration than fungal keratitis (Fig. 3) . In addition, progression of bacterial infection tends to be slower than ophthalmic mycoses [34] . However Pseudomonas keratitis, most commonly occurring in association with contact lens wear, can progress rapidly and is identified by a considerable suppurative infiltrate and the presence of Gram-negative organisms [34] .
Similar to fungal keratitis, the severity of bacterial infections is largely dependent upon the causative agent. Staphylococcus epidermidis [35] , Streptococcus pneumoniae and Pseudomonas aeruginosa [36] are reported to be the most common pathogens associated with bacterial keratitis. Corneal infection with these pathogens can be quite severe; Kaye et al. [37] reported that the presence of S. pneumoniae was more often associated with permanent damage to the eye and P. aeruginosa infection has been found to progress rapidly to corneal perforation even with the rigorous use of antibiotics [38] .
Of the 25 identified families, the distribution between Gram positive and Gram negative organisms is relatively even. However, apart from one family, Flavobacteriaceae, in the phylum Bacteroides, all other identified Gram negative organisms are from the phylum Proteobacteria (Table 4 ).
In the past 20 years fluoroquinolones such as ofloxacin and ciprofloxacin have been used as the primary treatment for bacterial keratitis [39] . More recently it has been suggested that the monotherapeutic use of fluoroquinolones in treating bacterial keratitis may have led to the development of resistance against the drug [7] . However there are conflicting reports regarding this issue. For example, Schaefer et al. [40] reported that most Gram negative and Gram positive bacteria were sensitive to fluoroquinolones, with the exception of some S. pneumoniae and Pseudomonas cases which remained resistant. Jhanji et al. [41] reported S. epidermidis isolated from an infected cornea was resistant to all fluoroquinolones used. In contrast, Shalchi et al. [42] has claimed no increasing resistance to fluoroquinolones and advised their continued use. It is also thought that systemic use of fluoroquinolones, rather than topical, may be responsible for resistance. Furthermore, Reviglio et al. suggests that topical application of fluroquinones promotes the expression of corneal metalloproteinases, the proteolytic properties of which can adversely affect the wound healing process [43] .
It is important to note in treating keratitis that in vitro susceptibility testing rarely corresponds to the clinical reality [44, 45] , as difficulties in regulating doses of topical treatments within the eye [46] and inaccurate breakpoints are used in in vitro susceptibility testing [37] . As the breakpoints being currently used assess the systemic administration of antibiotics as opposed to ocular topical administration, the resistance in ocular infections may be overestimated [37, 47] . 
Amoebic Keratitis
Acanthamoeba is a ubiquitous protozoan that can be largely found in soil and water in two stages of its lifecycle, the trophozoite (proliferative) stage or cyst stage [48] . Amoebic keratitis is closely associated with contact lens wear, with approximately 83% of cases occurring in lens users. In non-lens wearers it is usually a consequence of ocular trauma and exposure to contaminated water or soil, often in agricultural workers [51] . Amoebic keratitis has also been reported after surgical trauma including penetrating keratoplasty (PK) and radial keratotomy (RK) procedures [51] .
Acanthamoeba are capable of causing permanent visual impairment if not diagnosed and treated quickly [49, 50] . Diagnosed early, treatment with anti-amoebic therapy is generally successful [51] . A poor prognosis is associated with a delay in diagnosis [51] . While the commonly termed Acanthamoeba is the most studied agent of this type in keratitis, it is not the only amoebic infection that has been identified. Members of Vahlkampfia [52] , Paravahlkampfia [53] and Hartmannella [54] species have also been identified in cases of amoebic keratitis ( Table 5) .
While treatment generally is successful, in unfavourable conditions Acanthamoeba have been known to invade and produce cysts that prolong their life-span. They have been shown to remain dormant for up to a year, before activation occurs, and they return to being trophozoites [49] . Further, topical steroids given to reduce inflammation have been shown to cause encystment and even promote amoebic proliferation [55] .
The most common treatment for amoebic keratitis is chlorhexidine or combination therapy using polyhexamethylene biguanide (PHMB) and a diamadine such as [34, 79, 130, 147] propamidine isethionate [56] . Kosrirukvongs et al. [56] compared the efficacy of these treatments and reported that the use of such combination therapy resulted in better visual acuity for the patients. Narasimhan et al. [57] showed that the use of PHMB was more successful against trophozoites in vitro. Diamidines have been shown to be successful against both the trophozoite and cyst forms [51] .
Acanthamoebic keratitis is most commonly identified in its early stages by dendritiform epithelial pattern, small white infiltrates and radial keratoneuritis. Fig. (4) shows epithelial irregularity in early acanthamoeba keratitis [58, 59] . As the infection progresses, it can take up to 3 months for the classic ring-shaped cellular infiltrate to form, however this indication is unreliable for early instigation of treatment [60] . Corneal suppuration, abscess formation, ( chorioretinitis and chronic immune-mediated scleritis have been reported with the progression of acanthamoebic keratitis [49] . 
Viral Keratitis
Herpes Simplex Virus keratitis is the most common cause of irreversible blindness in developed countries. Worldwide, an estimated 10 million persons suffer from herpetic keratitis, with about 2 million individuals left with impaired vision [61] [62] [63] . Although Herpes Simplex VirusType 1 (HSV-1) is the most common cause of viral keratitis, it is not the only implicated viral pathogen. Varicella Zoster Virus, also a member of the Herpes viridae family, has been identified as a causal agent in a select few cases, while the Vaccinia virus has been identified as the result of an adverse reaction to the small pox immunisation ( Table 6 ) [64] [65] [66] .
With a seroprevalence of HSV-1 as high as 76%, the Herpetic Eye Disease Study (HEDS) found a recurrence rate of approximately 34% [67, 68] . HSV are reported to frequently reside within neural cells, where they can become latent [69] . Clinically, it has been suggested that the dendritic patterns common in HSV-1 keratitis mirror the patterns of the subbasal nerve plexus present in the corneal epithelium [70] , indicating the migration of the virus into neural cells. Latency in neural crest cells is thought to explain the high incidence recurrence.
Primary HSV keratitis is clinically characterised by a dendritic lesion which has a morphological branching pattern across the cornea [71] . Recurrent disease is characterised by followed by corneal scarring, thinning, and vascularisation [72] (Fig. 5) . The early stages of HSV-1 infection closely correspond to the clinical presentation of Acanthamoebic keratitis. [164, 165] Poxviridae Orthopoxvirus Vaccinia Virus [166] Acyclovir is the accepted primary treatment for herpetic keratitis. Acyclovir is a deoxyguanosine analogue, and postphosphorylation it is a potent inhibitor of viral DNA polymerase; however, there are reports of growing resistance to acyclovir [73] . Resistance to deoxyguanosine analogues can develop through mutation of the viral gene thymidine kinase, which is essential for the phosphorylation of acyclovir. However, not all prescribed medication requires thymidine kinase for activity and consequently resistance is mostly acyclovir specific. In contrast, resistance that arises through mutation of the viral DNA polymerase can influences a wide range of anti-viral drugs [73, 74] . Wilhelmus [63] has conducted an extensive review on the quality and efficacy of the currently prescribed anti-viral topical treatments [63, 75] . Corneal graft surgery in patients with HSK has been associated with recurrence of infection and is often avoided unless needed to manage a corneal perforation [76] .
Keratitis Risk Factors
Microbial keratitis usually occurs in conjunction with specific risk factors [77] . The most common of which are the use of contact lenses, corneal trauma, or underlying ocular surface disease ( Table 7) . Recent work by Shah et al. suggests statistically significant relationships between gross national income and fungal or bacterial keratitis with the former more prevalent in developing nations [6] .
The use of contact lenses has been closely associated with an increased incidence of bacterial keratitis [34] . Pseudomonas aeruginosa and Staphylococcal species are some of the most common organisms cultured in contact lens associated bacterial keratitis [78] . Development of hydrogel day and night wear contact lenses coupled with greater comfort, leading to longer wearing times, and fashion trends for coloured contact lenses without refractive correction, saw an increase in contact lens use and misuse, with an initial increase in ocular infections [79] . A recent study by Stapleton and coworkers indicated that overnight wear of contact lenses, despite the introduction of silicone hydrogel materials that decrease hypoxia compared to hydrogel lens types, still has an increased incidence of infection compared to daily wear [124] . Contact lenses can serve as a platform for the microbial proliferation, encouraging microbial adhesion to the cornea. Korb et al. [77] have suggested that the use of contact lenses can also interfere with the ocular defences, by leading to hypoxia and/or disruption of the epithelial-tear film interactions, a view supported by others such as McNarma et al. [80] and Thakur and Wilcox [81] .
Direct corneal damage disrupts the innate immune system of the eye, enabling entry by microbes into the abrasion and consequent infection. Trauma is quite commonly associated with infection by filamentous fungi such as Fusarium solani, Aspergillus spp and Bipolaris spp; especially when the trauma is caused by vegetative matter particularly in tropical climates [82, 83] . It is most likely that the vegetative material was previously colonised by the microorganisms, and consequently injury and infection occurs almost simultaneously [11] .
Corneal surgery is a risk factor for microbial keratitis as the corneal epithelial barrier is breached [11] . Due to the immune-privileged nature of the eye, any break in the corneal epithelium renders the eye susceptible to infection. Furthermore, post-operative care usually requires the use of topical steroids to control the immune response. The prophylactic use of corticosteroids has become quite controversial and has been associated with an increase in microbial growth and keratitis [84] . A number of reports have suggested that corticosteroids may either facilitate an increase in microbial proliferation and/or possibly impair the ocular immune response thus encouraging microbial infection [85] [86] [87] .
Local weakening of the immune defences is the most common predisposing factor associated with keratitis caused by opportunistic infections, such as by Candida albicans or other yeast fungi [18] . In contrast, systemic immune systems affected by diseases such as diabetes mellitus and HIV infection are associated with a great range of opportunistic infections [88] . It is also possible for keratitis to develop as a result of endogenous infections, typically by Gram positive bacteria such as Staphylococcus spp. [5] .
CONCLUSIONS
Keratitis is a serious infection of the eye and contributes to one of the leading causes of monocular blindness worldwide. Whilst statistics are difficult to obtain, there is evidence of regional variability in both incidence and type of infection [5, 58, [89] [90] [91] [92] [93] [94] [95] [96] . For example, contact lens related bacterial keratitis is more prevalent in developed countries whereas fungal keratitis is a major blinding disease in more tropical climates [27, 97, 98] .
This review has revealed 232 species reported to be infectious agents in keratitis and can act as a resource to clinicians and researchers for initial information on species. However, identification of species associated with microbial keratitis is relatively complex; [10] microbiological sampling does not always yield a result and different micro-organisms [11, 83] Use of Contact Lenses Bacterial, i.e. Pseudomonas aeruginosa [34, 78] Ocular Surface Disease Yeast infections, i.e. Candida albicans [18] Systemic Disease Opportunistic organisms [88] Use of Corticosteroids All [86, 87, 167] can produce a similar clinical picture [11, 60] . Furthermore, few clinical signs are pathgnonomic for the type of infection; for example: perineural infiltrates are virtually pathgnomonic for Acanthamoeba infection [51] however they have also been reported in bacterial keratitis [99] . Thus, improved diagnostic techniques, such as polymerase chain reaction (PCR), are clearly needed for routine use in cases of microbial keratitis to rapidly identify the infectious agent and permitting targeted therapy.
Current treatment for microbial keratitis involves an intensive regime of topical therapy, with significant morbidity and inconvenience for the patient, such that treatments available for microbial keratitis need to be improved [32, 37, 98] . However, despite previous efforts in designing solid drug delivery systems, the most popular and accepted forms of antibiotics for local delivery remain as liquid or gel forms for topical administration. In the eye, antibiotics delivered as eye drops suffer rapid and extensive pre-corneal loss caused by drainage and high tear turnover; typically less than 5% of applied drug penetrates the cornea and reaches intra-ocular tissues [8] ; thus, appropriate dosing is difficult [100] . Furthermore, there is a distinct lack of information concerning the pathogenesis of how the different types of microbial keratitis develop and the host factor involved. Advances in our knowledge of keratitis, in particular data on the causal organisms, will facilitate the development of more specific and effective treatments as well as techniques to prevent infection.
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